Abstract -A novel silicon-on-insulator ring resonator design is described that uses a multi-mode interference coupler to achieve polarization independent coupling, and cladding stress induced birefringence control to eliminate the difference in round trip phase accumulation between the TE and TM polarized waveguide modes. The design parameters are determined for a polarization independent SOI ring resonator with 1.5 µm ridge height and width. The resonator has a 0.5 nm free spectral range and -30 dB transmission contrast ratio, and with very modest fabrication requirements.
I. INTRODUCTION
Active and passive ring resonator (RR) devices are promising candidates for wavelength filtering, routing, switching, modulation, as well as non-linear optical applications. Silicon-on-insulator (SOI) is an attractive photonic platform for implementing such devices, and both Si wire [1, 2] and ridge waveguide [3] ring resonators have been reported, all using directional couplers as the coupling mechanism between the ring and the bus waveguides.
Key considerations in ridge waveguide RR design include the balance of waveguide bend radius (and therefore bend loss) and the free-spectral range (FSR). For interconnect and communication applications polarization independence is also a critical attribute. The polarization dependence arises from two sources in a ring resonator. The birefringence of the ring waveguide causes both the resonant wavelength as well as the FSR to change with input light polarization. Polarization dependent coupling will result in a polarization dependent resonant line width and contrast ratio (i.e. finesse). Both SOI ridge waveguides and directional couplers have a strong intrinsic polarization dependence, which however can be eliminated for specific ridge waveguide aspect ratios (i.e. the ratio of ridge width and ridge etch depth) [3, 4] and coupler lengths [5] . Although polarization independent ring resonators in SOI have been demonstrated [3, 5] , the task of determining and fabricating to the very narrow dimensional tolerances on both ridge waveguide and directional coupler is extremely challenging.
In this paper, we report on an alternate approach to the design and fabrication of SOI ring resonators, using a multimode interference (MMI) coupler and cladding stress induced birefringence to correct the polarization dependence. MMIs are known for their ease of fabrication. Although only specific coupling ratios are possible using 2×2 MMI couplers, the coupling ratio and overall coupler loss are nearly polarization independent (even though the MMI waveguide itself may have significant birefringence), and the tolerances on coupler dimensions are well within the limits of standard photolithography. We have recently reported on the use of SiO 2 cladding stress induced birefringence to control or eliminate birefringence in SOI waveguides, and experimentally demonstrated polarization insensitive arrayed waveguide grating (AWG) devices using this method [6, 7] . We demonstrate here that combining stress birefringence control with MMI couplers can result in a ring resonator design that has very modest fabrication requirements, yet has useful FSR (0.5 nm for the waveguide cross-sections used in this example) and resonance line shapes. To the best of our knowledge, it is the first time such design is reported for the SOI system. 
II. THEORY
The device structures are shown in Fig. 1 . An upper SiO 2 cladding layer with a thickness t c and cladding film in-plane stress σ film is included for birefringence correction ( Fig. 1(a) ). Detailed discussions on the effects of cladding stress are presented ref. 5 and 6 . In this paper we have used the following dimensions for simulations, but the design principles are practical for ridge heights ranging from 1 µm to 3 µm. Here the ridge height H = 1.5 µm, width W = 1.5 µm, and the ridge etch depth is H-h = 0.9 µm. Fig. 1(b) shows the MMI structure, and Fig. 1(c) shows the ring resonator with one MMI as the coupling element. By adjusting the MMI width W MMI , several splitting ratios between the output port 1 and port 2 can be obtained [8] . A 50:50 splitting is most commonly reported, other ratios such as a 15:85 split are also possible [9] . Here we report on the design that gives a 50:50 splitting in power. The MMI width is W MMI = 3D = 6 µm, where D = 2 µm is the waveguide center-to-center separation.
The optical field distribution in the MMI is shown in Fig. 2(a) , as calculated using a 3D BPM simulation. Fig. 2 (b) shows the power in the fundamental mode in port 1 and 2, for the TE and TM polarizations respectively. An even 1:1 splitting ratio is achieved almost over the entire range of L MMI , while the net coupler loss varies slightly. The power peaks at L MMI = 53.5 µm and 55.5 µm for the TE and TM polarizations, respectively. The difference in length is only 3.6% of the overall length. At the crossing point of L MMI = 54 µm where TE and TM have the same coupling and loss, the total transmitted power is ~ 0.97, corresponding to a field loss factor of 0.985. Width ( Width ( Width (   Fig. 2(a) Optical field distribution in the MMI section, (b) power in the fundamental mode in ports 1 and 2, and (c) the waveguide birefringence in the ring ridge (W= 1.5 µm) and MMI (W= 6 µm) waveguides, and also showing the total resonator round trip phase difference between TM and TE polarizations at λ=1550 nm.
As we have reported previously [6, 7] , the waveguide birefringence (∆n eff = n eff TM -n eff TE ) is a combination of the geometrical and cladding stress-induced birefringence. For the waveguide dimensions given above, both the ring and the MMI waveguides have a large geometrical birefringence of ∆n eff = -2.65×10 -3 and -5.56×10 -3 respectively, as indicated by the circles in Fig. 2(c) . The stress-induced birefringence scales linearly with the stress level σ film in the cladding, and increases with the cladding thickness t c . The calculated birefringence versus the cladding thickness is shown in Fig. 2(c) , for a typical SiO 2 stress level of σ film = -200 MPa (compressive). With increasing cladding thickness, ∆n eff for the ring waveguide (W=1.5 µm) becomes positive, while ∆n eff for the wider MMI waveguide (W=6 µm) remains negative. At the optimum cladding thickness t c ~ 1 µm, the difference in the total round trip phase accumulation between the TM and TE polarization becomes zero, as shown by the solid line in Fig. 2(c) . For claddings with a different stress level, the proper thickness can also be found to satisfy the birefringence-free condition for the resonator.
Using analytical formulas [10] , we have calculated the spectral response of a ring resonator with a radius of 200 µm and the MMI section of 54 µm. A straight section of 5 µm is included on each side of the MMI. This gives a total round trip distance of 1385 µm, and the FSR of 0.5 nm. The spectra are shown in Fig. 3 by using the birefringence and phase analysis presented in Fig. 2(c) . Here the ring loss factor of 0.72 is assumed, which is close to the ideal coupling requirement of 0.707. Fig. 3(a) shows the TE and TM transmission spectra for a ring with uncompensated SOI ridge waveguide (corresponding to the birefringence values shown by the large circles in Fig. 2(c) ). By using an upper cladding of 1 µm thick and stress of -200 MPa, the resonator round trip phase birefringence is eliminated, as shown in Fig. 3(b) . The polarization dependent loss under this arrangement is also negligible, assuming the ring waveguide loss is similar for the TE and TM polarizations. 
III. SUMMARY
We have described the novel design of a fully polarization independent ring resonator incorporating a 50:50 MMI coupler, and using cladding stress induced birefringence to eliminate the total round trip phase difference between the TE and TM polarized light. The relatively weak polarization dependence of the MMI coupler ensures that the resonator finesse and loss are polarization independent. The chosen waveguide geometry has relatively large width and etch depth to allow the use of small bend radius. The large geometrical birefringence is fully compensated by using a compressively stressed SiO 2 cladding layer with the proper combination of stress level and thickness. The dimensional tolerances required to achieve polarization independent operation are comparable to those used in the fabrication of conventional SOI waveguide devices and III-V components such as lasers. Given the flexibility of the stress-induced birefringence control technique, this design approach should be readily extended to ring resonators employing a wide range of SOI ridge dimensions and ring sizes.
